Nutrient recovery from effluents of an anaerobic digestor co-digesting poultry manure and sewage sludge via struvite precipitation was successfully demonstrated. A set of mesophilic anaerobic batch reactors were operated using poultry manure and sewage sludge as the substrates. The struvite precipitation experiments were conducted with the liquid phase of these reactors. The total COD removals and the methane yields of the reactors ranged between 43-63 % and 146-228 mLCH 4 /gCOD added, respectively. The effects of pH, seeding and calcium on struvite precipitation process were investigated. The results revealed that high NH 4 -N recovery efficiencies (77 -84 %) were possible by the adjustment of struvite stoichiometry (Mg:N:P of 1:1:1) in the reactors effluents. It was also observed that the final pH adjustment did not result in any significant increase in the removal of NH 4 -N at the pH levels tested (8.0, 8.5 and 9.0). Moreover, the seeding material addition was investigated to improve the performance of struvite formation by providing the adequate surface for reaction. The impact of seeding on residual NH 4 -N concentration was negligible, however its impact on residual PO 4 -P concentration was significant and highly dependant on the composition of the wastewater used. Calcium concentration in the effluents was much higher than other metal concentrations and its effect on struvite precipitation was investigated through varying the Mg:Ca molar concentration ratio. The results indicated that Ca has inhibitory effects of the struvite reaction. The presence of Ca led to formation of calcite and amorphous calcium phosphates that were detectable through XRD. The results depicted that the addition of Mg ion above the molar concentration of PO 4 -P together with Ca ion helped to remove most of the phosphorus even in low phosphorus wastewaters.
INTRODUCTION
Livestock manure which is a renewable resource, can serve as a raw material for fertilizer industry if managed properly. The conventional approaches dealing with livestock manure are direct land application of the manure, spreading of nutrient rich wastewater on cropland and dumping it directly to the receiving water bodies (Beal et al., 1999; ). However, these practices result in loss of nutrients and lead to severe environmental problems. The most common problems linked to the disposal of untreated manure are odor formation, methane and ammonia emissions, the release of nutrients and pathogens that may affect human health (Salminen et al., 2001; Yilmaz and Demirer, 2008) .
Anaerobic digestion (AD) is an established livestock manure bioconversion technology (Lusk, 1998; U.S. Environmental Protection Agency, 2002) . However, there are several key areas of research that must be pursued if AD technology is to be made more effective and economically advantageous for animal manure. Co-digestion becomes an interesting alternative when the amount of one type of organic waste generated at a particular site at a certain time is not sufficient to make AD cost effective (Callaghan et al., 1999) . This is of particular importance for animal wastes where small quantities are generated in small farms. Because of the high nutrient content of AD effluents, they can be used as a liquid fertilizer. However, the unavailability of land area to which the liquid fertilizer can be applied, does not enable effective application of AD effluents and cause several environmental problems such as eutrophication. Therefore, in order to avoid adverse environmental impacts due to overapplication of AD effluents on limited land or leaching of liquor into the groundwater, the nutrients must be completely or partially removed.
Crystallization of N and P in the form of magnesium ammonium phosphate hexahydrate (MgNH 4 PO 4 .6H 2 O, struvite) is one of the possible techniques applicable for this purpose.
Variety of studies about the struvite precipitation and accompanied removal/recovery of P and N from the effluents of anaerobically digested animal manure has been conducted previously by many researchers (Schuiling and Andrade, 1999; Nelson et al., 2003; UludagDemirer et al., 2005) . However, struvite precipitation from the supernatant of anaerobically digested poultry manure has recently been studied by the researchers Yilmazel and Demirer, in press ). On the other hand, struvite precipitation from the effluents of digesters treating sewage sludge is commonly applied in the literature (Munch and Barr, 2001; Uludag-Demirer and Othman, 2009; Uysal et al., 2010) . Therefore, this study aimed removal/recovery of nutrients from the effluents of anaerobic co-digestion effluents of poultry manure and sewage sludge. The liquid phase effluents from anaerobic reactors co-digesting poultry manure and and sewage sludge were subjected to struvite precipitation. The effect of pH, seeding and calcium ion concentration on struvite precipitation and on the residual NH 4 -N and PO 4 -P concentrations were investigated.
MATERIALS AND METHODS

Waste Characteristics
Fresh poultry manure was collected from a commercial farm housing about 500,000 laying hens located in Ankara, Turkey. Sewage sludge was collected from the influent of anaerobic digesters of Greater Municipality of Ankara Central Wastewater Treatment Plant, Turkey. Both wastes were characterized and kept refrigerated at 4 o C until used. The composition of poultry manure is summarized in Table 1 . Before characterization the litters (sawdust, stones, straw etc.) present in the manure were separated manually and the manure was homogenized thoroughly. The mixed anaerobic culture obtained from anaerobic sludge digesters of Greater Municipality of Ankara Central Wastewater Treatment Plant was used as seed in this study. The culture was concentrated by settling and subjected to 10 days of digestion prior to use. The compositions of sewage sludge and digested seed culture are summarized in Table 2 . All characterization analyses were conducted in triplicate i.e. three sub-samples were taken from one continuously mixed stock solution and analyzed. mesophilic anaerobic batch reactors co-digesting poultry manure and sewage sludge were operated. After the reactor operation was ceased, reactor effluents were subjected to solidliquid separation. In the second part, struvite precipitation experiments were conducted with the liquid phase of the reactor effluents.
Anaerobic Reactors
A set of mesophilic anaerobic co-digestion reactors were operated in this study. In order to determine the effect of waste mixing ratio on biomethanation potentials and effluent nutrient concentrations four different waste mixing ratios (poultry manure: sewage sludge as 1.00:0.00, 0.54:0.46, 0.28:0.72, 0.06:0.94) in terms of chemical oxygen demand (COD) were used in the reactors ( A control reactor was operated to determine background gas production during the study. After the addition of seed culture and wastes all reactor were purged with N 2 gas for 4-5 minutes to maintain the anaerobic conditions. The reactors were incubated at 35 ± 2 o C in a temperature controlled room. Continual mixing was applied at 180 rpm by the use of magnetic stirrers for 64 days of operation. Biogas production was measured daily and biogas compositions were recorded periodically. 
Struvite Precipitation Experiments
The reactor effluents were dark in colour and high in COD concentrations. High COD levels in animal waste slurries correlate to high total and suspended solids concentrations (Burns et al., 2001) . Because waste strength affects struvite solubility (Schulze-Rettmer, 1991; Burns et al., 2001) solid-liquid separation of the reactor effluents was performed prior to struvite precipitation experiments. Then, the liquid phase of each reactor effluent was used in struvite precipitation experiments. The solid-liquid separation of the digester samples were achieved by centrifugation (RC5C, Sorvall Instruments, Dupont) for 15 min at 6000 rpm and sieving through a screen of 0.355 mm (0.0139 in) mesh size. The liquid phase samples were characterized and stored at 4 o C until used (Table 4) . Four consecutive steps were followed in the struvite precipitation experiments: (i) addition of chemicals (ii) mixing (iii) settling (iv) filtration. The struvite precipitation experiments were conducted in continuously stirred batch reactors at room temperature (21-22 o C). Each struvite reactor contained 150 mL of the sample and was mixed using a magnetic stirrer (MR Hei-Mix L, Heidolph, Schwabach, Germany). The mixing intensity was kept constant at 250 rpm during the experiments. As depicted by the initial Mg:N:P molar concentration ratios (Table  4) NH 4 -N concentration was in excess of other ions. When compared to NH 4 -N concentrations, Mg and PO4-P were too low thus external sources of these ions were added to the reactors. The total (initial + added) molar concentration ratios of the ions were adjusted to Mg:N:P of 1:1:1 during the experiments. In the experiments MgCl 2 .6H 2 O was used in its solid form as the Mg source and 85 % H 3 PO 4 (v/v) was used as the P source. The pH corrections were made using 25 % NaOH (v/v) solution. Since the volume of NaOH added was very small, the dilution effect was negligible. All chemicals used in the experiments were analytical grade.
The kinetics of struvite formation is fast. The reported equilibrium times are less than or equal to 1h (Celen and Turker, 2001; Nelson et al., 2003) . Therefore, 30 minutes of mixing was applied after the pH of the solution became constant at the desired level with a variation of ± 0.01 pH units. At the end of the mixing period, the reactor content was allowed to settle down for 60 minutes. Then reactor content was filtered through coarse filter and the filtrate was analyzed for its PO 4 -P, NH 4 -N and Mg content. The precipitates were dried in the constant temperature room at 35±2 o C overnight. After drying, the precipitate was separated manually from the filter paper and kept at room temperature (21) (22) o C) until analyzed for X-ray diffraction (XRD).
In the struvite precipitation experiments the effect of pH, seeding material addition and calcium ion effects were investigated (Table 5) . To determine the effect of pH three different pH levels (8.0. 8.5 and 9.0) were used in the experiments keeping the molar ratio of Mg:N:P at 1:1:1. Seeding material addition was investigated to improve the performance of struvite formation by providing the adequate surface for reaction. For this purpose, previously formed struvite was used as the seeding material. The seeding material was obtained from a struvite precipitation experiment conducted with synthetically prepared solution of 1000mg/L NH 4 -N, 2214 mg/L PO 4 -P and 1714 mg/L Mg concentration (Mg:N:P ratio of 1:1:1). For the preparation of synthetic solution NH 4 Cl, 85 % H 3 PO 4 (v/v) and MgCl 2 .6H 2 O were used. During the experiment the pH level was adjusted to 8.5 by the use of 25 % NaOH (v/v) solution and the experiment was conducted as described above. Seeding experiments were conducted with the liquid phase effluents of R1 and R3 (Table 5 ). The addition sequence applied was magnesium source (MgCl 2 .6H 2 O), phosphorus source (H 3 PO 4 ), buffering reagent (NaOH) and seeding material, where necessary. Two levels of seed addition (10 g/L and 20 g/L) were tested and unseeded experiments were also conducted as the control experiments. The experimental set-up is presented in Table 6 .
Table 6 -The experimental set-up and percentage removals of pH and seeding experiments
To determine the effect of Ca ion on the removals of NH 4 -N and PO 4 -P three experiments were performed by the addition of external calcium source (CaCl 2 ). The addition sequence was magnesium source (MgCl 2 .6H 2 O), calcium source (CaCl 2 ), phosphorus source (H 3 PO 4 ) and buffering reagent (NaOH). In the experiments three different molar ratio of Mg:Ca were used keeping the molar concentration of NH 4 -N in excess (Table 8) .
To account the amount of ammonia lost by air stripping, experiments were conducted with the effluent of R2 at room temperature (21-22 o C). The experiments were conducted in batch reactors with continuous mixing without addition of any chemicals except the buffering reagent. A 150 mL sample from the liquid phase of the R2 effluent was placed in a beaker with a pH probe. Following up the measurement of initial pH level, pH of the sample was raised to 8.5 by adding 25 % NaOH (v/v) under continuous mixing at 250 rpm. Mixing is applied for 30 min and then the reactor content was allowed to settle down for 60 min (settling period). Sample was withdrawn after the settling period and analyzed immediately to measure NH 4 -N concentration. The results are reported as percentage NH 4 -N removal.
Analytical Methods
All analyses (COD, VSS, TSS, TS NH 4 -N, TKN, PO 4 -P, TP and metals) were performed according to standard methods (APHA, 2005) . The followed standard methods are presented in Table 7 . Soluble COD analyses were performed by filtering sample through 0.45 μm pore 
Orthophosphate
Orthophosphate determinations for the characterization of sewage sludge and seed culture were performed as described in Standard Methods (APHA, 2005) and spectrophotometric measurements were performed at 880 nm wavelength by Cole Parmer 1200 Spectrophotometer. All the other orthophosphate determinations were performed by using Aqualytic Photometer and Aqualytic orthophosphate reagent sets. The analyses were carried out as described in Aqualytic PC Multi Direct Instruction Manual (Method number: 323) adopted from standard methods (APHA, 2005) .
Biogas
Biogas productions in batch reactors were determined by a water displacement device, measured by using a graduated water reservoir (2 L of total volume) connected directly to the reactor headspace. Acid brine (10% NaCl w/v, 2% H 2 SO 4 v/v) was used as displaced water, in order to eliminate the solubilization of the biogas (Tezel et al., 2007) . Biogas compositions were determined with a gas chromatograph (Thermo Electron Co.) equipped with a thermal conductivity detector (TCD). Gas samples for gas composition analysis were withdrawn from the reactors by a 100 µL Hamilton gas-tight glass syringe. Produced biogas was separated as hydrogen (H 2 ), carbon dioxide (CO 2 ), oxygen (O 2 ), methane (CH 4 ) and nitrogen (N 2 ) by using parallel connected columns (CP-Moliseve 5A and CP-Porabond Q) at a fixed oven temperature of 45 o C. Helium was used as carrier gas at 100 kPa constant pressure. The inlet and detector temperatures were set to 50 o C and 80 o C respectively (Yilmaz and Demirer, 2008) .
XRD analysis
XRD technique was used to determine the compositional structure of the products and confirm the presence of struvite in the precipitates. The dried precipitate was separated manually from the filter paper and identified using Rigaku D-Max 2000X-ray diffractometer using Cu Kα radiation. The diffractometer was running at 40 kV and 20 mA. The data were collected over the two-theta range of 5-70 o using step size of 0.05 o , and counts were collected for 1.5 seconds at each step. XRD analysis of the samples and their identification were carried out at the Advanced Analysis Laboratory (Ileri Analizler Laboratuvarı) of Istanbul University, Turkey.
RESULTS AND DISCUSSION
Anaerobic Reactors
The observed COD, NH 4 -N, TKN, and TP removal efficiencies are given in Table 3 . The COD removal efficiencies observed in R1, R2 and R3 were more or less within the typical performance level of anaerobic digesters treating poultry manure lower than ) and higher (Bousfield et al., 1979; Huang and Shih., 1981; Gungor-Demirci and Demirer, 2004) than some of the studies in the literature. On the other hand, in the literature COD removals in sewage sludge digesters are recorded as 40-60 % (Parkin and Owen, 1986) . The COD removals observed in R4 was 43 % (Table 3) and this low COD removal suggest incomplete and inefficient digestion in this reactor.
The methane yields as mL CH 4 /g COD added and average CH 4 content of total biogas productions are presented in Table 3 . Experimental values are compared to the theoretical methane yields (395mL CH 4 /g COD added at 35 o C) given by Speece (1996) . Methane yields of R1, R2 and R3 were (228, 206 and 189 mL CH 4 / g COD added, respectively) and the results were similar to the average specific methane yield (210 mL CH 4 / g COD added) recorded in the study of Salminen and Rintala (1999) in which substate were a combination of poultry slaughterhouse and food packing plant wastes. Lower specific methane yield in R4 also support the presence of inhibition in the reactor.
In the reactors, 63 to 89 % of nitrogen was ammonificated at the end of digestion period, which is an expected result (Field et al., 1985; Krylova et al., 1997) . The negative values observed of TKN and NH 4 -N removal correspond to an increase in the reactor. This is an observation also reported by other researchers (Cheng and Liu, 2002; Martin et al., 2003; Demirer and Chen, 2005) and can be attributed to the anaerobic bioconversion of proteins contained in the wastes into amino acids and then to ammonia. Ammonia is a nutrient for bacteria involved in the anaerobic digestion process, but at concentrations exceeding the critical concentration levels it inhibits methanogenesis (Speece, 1996) . The work of Koster and Lettinga (1984) showed that the maximum methanogenic activity was not affected by NH 4 -N concentrations of 680 mg/L and it was reduced by 75% at NH 4 -N concentrations of 759 mg/L. The NH 4 -N concentration measured in R4 was 892±0.4 mg/L whereas the concentrations of NH 4 -N in R1, R2 and R3 were below the reported inhibitory concentration level. Inhibitory condition observed in R4 was also confirmed with the increase of sCOD and VFA concentrations in the reactor (data not shown). Since methanogens are the most sensitive bacteria among the complex population involved in anaerobic digestion, their activity is inhibited (Speece, 1996) .
Other than high ammonia concentrations, F/M was influential on the performance of the reactors. F/M was increased in the reactors in the increasing order of sewage sludge fraction in the reactors (Table 3) . F/M in R4 was 3.8 mgCOD/mgVSS which may lead to toxic conditions in the reactor. This finding is in accordance with the literature, Prashanth et al. (2006) reported that high value of F/M may be toxic and result in reduction of treatment efficiencies and methane yields.
Struvite Precipitation The effect of pH
In Experiments E1-E9 different pH levels (8.0. 8.5 and 9.0) were tested keeping the molar ratio of Mg:N:P at 1:1:1 (Table 6 ). The maximum level of pH was set to 9.0 to avoid the loss of NH 4 + by ammonia stripping. The results of the experiments in terms of percent removals are depicted in Table 6 . The NH 4 -N removals in pH experiments were ranging from 77-84 % and in all of the experiments the increase in pH level led to slightly higher NH 4 -N removals. As described in the study of Uludag-Demirer and Othman (2009), there are two major mechanisms of NH 4 -N removal in systems with high concentrations of Mg and PO 4 -P, namely struvite precipitation and air stripping. Even though struvite precipitation leads to formation of other minerals containing Mg and/or PO 4 -P (e.g. hydroxylapatite, newberyite, monenite) examination of all the possible species indicated that the only specie containing NH 4 + in its composition is struvite (Uludag- Demirer and Othman, 2009) . To determine the effect of air stripping on NH 4 -N removal, experiments were conducted with the effluent of R2 at room temperature (21) (22) o C). In the ammonia stripping experiments, average NH 4 -N removal were 2.3 % suggesting at a pH level of 8.5. Based on the results it is concluded that there is negligible loss of ammonia to atmosphere. This finding contradicts with the finding of Celen and Turker (2001) who observed 11% loss of ammonia to air at a pH level of 8.5. However, the difference can be explained by higher operational temperature (37 o C) adjusted during the experiments conducted by Celen and Turker (2001) , which is one of the important parameters increasing the rate of ammonia stripping (Tchobanoglous et al., 2003) . Therefore, the high ammonia nitrogen removals (Table 6 ) observed in the experiments can be accepted as an indication of formation of struvite in the experiments.
To confirm this finding XRD analysis of the precipitates collected from E4, E5 and E6 were performed. The results of the XRD indicated formation of mainly struvite in the experiments (Figure 1 and Figure 2 , for XRD patterns of Experiment E4 and E5, respectively).
The effect of seeding
Seeding material addition to improve the performance of struvite formation by providing the adequate surface for reaction was investigated. The effect of seeding material addition was investigated in several studies to enhance the crystallization process and it is emphasized that the seeding material should have a larger specific surface area and similar crystal structure with the precipitating mineral Rahaman et al. 2008) . For this purpose, synthetically formed struvite was used as the seeding material in this study. Experiments were conducted with effluents of R1 and R3 to reveal the effect of the seeding with synthetically formed struvite (Table 6) .
In experiments conducted with the effluent of R1, seeding led to further reduction of residual NH 4 -N concentration while increasing residual PO 4 -P concentrations (Figure 3) , thereby increasing the pollution load of the wastewater. A similar observation was recorded by Kim et al. (2007) , which is attributable to the dissolution of the non-equilibrium precipitates of struvite. In R3 experiments (E5, E10 and E11), it was observed that the effect of seeding on residual NH 4 -N concentrations was minimal whereas its effect on residual PO 4 -P concentrations was significant. In these experiments increasing the amount of synthetically formed struvite addition, reduced residual PO 4 -P concentrations from 77.5±3.5mg/L to 23.0±0.0 mg /L (Figure 3b ). Similar observation was reported by and attributed to the enhancement of settling in the reactor. They reported without seeding the struvite crystals formed in the reactor exist mostly as colloidal particles and their low settling velocities make sedimentation of these particles negligible, thereby reducing the efficiency of phosphorus removal via struvite precipitation .
It may be speculated that equilibrium is reached after the growth was taken place on the surface of the seed particles and thus improved settling characteristics were achieved in R3. This led to lower residual PO 4 -P concentrations in comparison to unseeded experiment. In the literature, other investigators reported that the addition of seeding material has no significant effect on residual PO 4 -P concentration or PO 4 -P removals (Burns et al., 2003; Adnan et al. 2004; Rahaman et al. 2008 ). This phenomenon is explained by smaller surface area provided by the seeding material in comparison to the surface area of the fresh produced nuclei. More studies need to be conducted to better understand the seeding process in order to improve the results. 
The effect of calcium ion
As stated in the literature, the presence of foreign ions present in the wastewater affects the purity of the precipitating mineral (Schulze-Rettmer, 1991; Le Corre et al., 2005; Wang et al., 2005) . Table 4 depicts that Ca and K were the two ions present in high concentrations in reactor effluents except struvite forming ions (Mg, N and P). Both K and Ca are the interfering ions to struvite formation leading the formation of other competing species, such as, potassium struvite (K-MAP, KMgPO 4 .6H 2 O), calcium phosphates [Ca 3 (PO 4 ) 2 , Ca 8 (HPO 4 ) 2 (PO 4 ) 4 .5H 2 O, Ca 5 (PO 4 ) 3 OH], calcium carbonates (CaCO 3 ). During anaerobic digestion along with Ca and Mg, K is released due to the Poly-P hydrolysis (Marti et al., 2008) . However, several investigators (Schuiling and Andrade, 1999; Wilsenach et al., 2006) have pointed out that K-MAP could precipitate instead of ammonium struvite (MAP), only in the case of low ammonium concentrations. For this reason; the effect of K ion was not investigated in the experiments because the reactor effluent having the lowest ammonium concentration was R1 with a concentration of 582±1 mg/L (Table 4 ).
The effect of calcium ion have been studied to enhance P removal and it is postulated that the relative concentrations of Mg and Ca are the major factor determining P removal performance and degree of struvite formation (Battistoni et al., 2000; Wang et al., 2005) . Recent research predicted that Ca is the major ion interfering struvite formation, and product purity can be greatly decreased when the molar ratio of Mg:Ca ratio is smaller than 1:1 (Wang et al., 2005) . For example, at a molar ratio concentration ratio of Mg:Ca of 0.5:1, almost all the phosphorus precipitated in the form of amorphous calcium phosphate (Pastor et al., 2008) . In this study three different molar ratios of Mg:Ca were adjusted keeping the molar concentration of NH 4 -N in excess (Table 8) . Experiments were conducted with the effluent of R3 as described above. (Table 4) . b Removals were calculated considering the total (initial + added) concentrations of the ions in the struvite reactor.
Struvite mostly precipitates at neutral and higher pH levels and at Mg:Ca molar ratios > 0.6:1 (Musvoto et.al., 2000) and a molar ratio higher than 1:1 will affect the purity of the precipitate (Wang et al., 2005) . In E15 the molar ratio of Mg:Ca was 1:1 and the removal of Ca ion from the solution was 61.1 % (Table 8) , which imply that there are precipitates containing calcium in the reactor. The precipitate collected from Experiment E15 was analyzed by XRD. The results overlaid with the database standards revealed that together with struvite there were newberyite (MgHPO 4 .3H 2 O) and hydroxylapatite [HAP, Ca 5 (PO 4 ) 3 (OH)] in the reactor (data not shown). The presence of other minerals together with struvite indicated a decrease in the purity of the product. This can be attributable to the presence of Ca ions because they can influence struvite formation, either by competing for phosphate ions or by interfering with the crystallization of struvite (Le Corre et al., 2005) .
As discussed previously, the removal of NH 4 -N indicates formation of struvite in the reactor. In E16 NH 4 -N removal (5%) were lower in comparison to the NH 4 -N removal recorded in E15 (15.1 %) indicating the inhibition of struvite formation by the adjustment of molar ratio of Mg:Ca to 0.5:1. Although the removal of NH 4 -N was lowered by the increase in Ca ion concentration, indicating further inhibition of struvite formation, the PO 4 -P removal was enhanced (56.1%) in comparison to the removal achieved in E15 (22.4 %). This difference indicated the presence of alternative removal mechanism of PO 4 -P from the wastewater e.g. formation of phosphate containing minerals other than struvite. A similar observation was reported by Pastor et al. (2008) who confirmed precipitating mineral being amorphous calcium phosphate at a molar ratio of Mg:Ca of 1:2 through XRD analysis. The XRD analysis of the precipitate collected from Experiment E16 indicated the presence of calcite (CaCO 3 ) and amorphous compounds together with struvite ( Figure 4) . The high recovery efficiency of calcium (85.9%) indicated the formation of calcium containing minerals in the reactor. In the XRD pattern of the precipitate collected from Experiment E16 (Figure 4 ) a broad hump centered at approximately 30 o is apparent and confirmed the presence amorphous materials in the precipitate. A similar observation was recorded in the study of Wang et al. (2005) , in which the presence of amorphous phase was attributed to the presence of amorphous calcium precipitates. On the other hand it is stated that calcite is thermodynamically stable at ambient temperature and atmospheric pressures and have high precipitation potential depending on the chemical composition of the anaerobic digester effluents (Parsons et al., 2001; Musvoto et al., 2000) . The initial alkalinity concentrations of the reactors were exceeding 4000 mg CaCO 3 /L, due to the biodegradation of nitrogenous organic compounds during the AD, the alkalinity of the reactors were expected to increase above the initial level (Speece, 1996) . This will result in high bicarbonate concentrations in the reactor effluents, favoring the precipitation of calcite in the reactor (Speece, 1996) . NH 4 -N removal efficiencies in Experiment E15 and E17 were similar (15.1 % in E15 and 16.3 % in E17) whereas doubling Mg concentration in E17 significantly increased the removal efficiency of PO 4 -P (22.4 % in E15 and 79.8 % in E17) . This is mainly due to the chemical composition of the wastewater investigated and can be explained by the presence of the complexing agents. They have the potential of forming soluble complexes with Mg thereby reducing the activity of Mg and making it unavailable to the struvite reaction (Beal et al., 1999; Nelson et al., 2003; Burns et al., 2003) . Another reason may be an alternative removal mechanism of PO 4 -P from the reactor e.g. formation of magnesium and/or calcium phosphates. However, only struvite and calcite were detected via XRD (data not shown).
The results of the calcium ion experiments indicated that Ca has inhibitory effects of the struvite reaction. The presence of Ca led to formation of calcite and amorphous calcium phosphates that were detectable through XRD. The results depicted that the addition of Mg ion above the molar concentration of PO 4 -P together with Ca ion helped to remove most of the phosphorus even in low phosphorus wastewaters. If P removal and recovery are the only targets, then addition of Ca along with Mg would be recommended.
CONCLUSIONS
The main objective of this study was to investigate the removal and recovery of nutrients mainly N and P from the supernatants of co-digestion reactors treating poultry manure and sewage sludge. To this purpose a set of mesophilic anaerobic reactors were operated and struvite precipitation experiments were conducted with the supernatants. Antagonistic interactions were found when mixtures of poultry manure and sewage sludge were digested with high F/M ratio and high initial COD concentrations. Performance of co-digestion reactors decreased as the fraction of sewage sludge increased and there were indications of partial inhibition due to high concentrations of ammonia nitrogen. However, this did not have any adverse impact on the subsequent nutrient recovery process. The reactor effluents were rich in nitrogen and poor in heavy metal concentrations, making the process advantageous in terms of the purity of the precipitating mineral. The precipitates collected from the experiments following the struvite stoichiometry (Mg:N:P molar ratio of 1:1:1) were confirmed as struvite via XRD.
